A u S T R A C T Radiosulfate, 'OSO4, and radiobromide, 'Br, were administered simultaneously to rats and dogs.
±2% of the bromide space in intact rats, and showed no increase with time. However, a progressively greater fraction of the injected 'SO4 was not recovered, owing to metabolic alteration. In eviscerated rats, the inorganic sulfate space was a smaller and much more constant fraction (79.8% +0.4%) of the bromide space, showing that at least 20% of body bromide (and hence chloride) is nonextracellular. The viscera chiefly responsible for the higher ratio of spaces in the intact animal were the liver, small bowel, and kidney. In the last two organs, excess inorganic 'SO4 (beyond the bromide space) was attributable to trapped transcellular fluid in which sulfate had been concentrated more than chloride (or bromide). Excess sulfate in liver and cartilage could not be explained in this manner; the results suggest passive binding of sulfate, but could reflect active cell uptake in INTRODUCTION A useful definition of extracellular fluid volume should achieve two purposes: it should permit intracellular volume to be calculated by difference from total water, and it should delineate the amount of water available to act as a solvent for extracellular solutes. These two definitions may differ if appreciable quantities of extracellular water are unable to act as solvent water. At least as far as small ions are concerned, this difference is probably minor, and in our present state of knowledge must be overlooked.
It is less obvious whether the transcellular fluids should be included. These fluids are available to a limited and varying extent to buffer changes in both the composition and volume of the extracellular fluid. Therefore it would seem desirable to measure a compartment which includes all of the transcellular fluids, as well as the extracellular space, and to correct for these values individually, as is done in measuring total body water.
None of the indicator dilution methods for measuring extracellular space in tissues or in whole animals is gen- Sulfate has several characteristics which recommend it as an extracellular indicator (1), but it is well known that radioactivity accumulates in many tissues of laboratory animals given inorganic radiosulfate (2) . This uptake could represent incorporation of sulfate into organic forms, or accumulation of inorganic sulfate as such. The relative magnitude of these two processes has seldom been examined. In the present work this question was investigated by analysis of tissues of rats and dogs and whole bodies of rats. We found the distribution of inorganic radiosulfate, as such, to become constant quite rapidly; by comparison with radiobromide distribution, we infer that radiosulfate space corresponds to extracellular space in some tissues, but not in all, and overestimates total extracellular volume by inclusion of some transcellular fluids as well. Nevertheless, a larger fraction of body bromide (and hence chloride) is nonextracellular.
METHODS
Nonfasting male Sprague-Dawley rats weighing 250-400 g were divided into three groups. All were anaesthetized with 50 mg/kg pentobarbital sodium intraperitoneally. We used the 22 rats in group I to measure the apparent volumes of distribution of 'Br and 3S04. We injected intraperitoneally a measured volume of solution 1 containing approximately 10 ,uc each of Nas2SO4 and K8Br. At time intervals up to 3 hr, we opened the abdomen, aspirated the urine from the bladder, rinsed out the bladder three times with 2 ml of 5 mM Na2SO4, and diluted the urine and washings to a total volume of 100 ml with 5 mm Na2SO4. The animal was then exsanguinated from the abdominal aorta, and the serum separated under oil.
We used the 34 rats in group II for analysis of individual tissues. In group IIA, comprising 21 rats, of whom two were nephrectomized, samples of the following tissues taken (n= number of rats): kidney (n=6), liver (n=9), stomach (n=4), jejunum (n=7), large bowel (n=4), skin (n=3), tail (n=2), and knee (n=5). We loaded five rats in group IIB with stable sulfate by injecting subcutaneously 100 ml/kg of warmed solution containing 90 mm Na2SO4, 7 mM K2S04, 3 mm CaCl2, and 4 mm MgSO4, 1/2 hr before the intraperitoneal injection of isotopes. Samples of liver (n=5) and knee (n=5) were taken. We infused eight rats in group IIC with a solution containing mannitol, 10 g/100 ml; inulin, 2 g/100 ml; 90 mm Na2SO4 with Na28'SO4, 5 ,uc/ml; 7 mm K2SO4, 3 mm CaCl2, and 4 mm MgSO4, via the external jugular vein at rates between 2 and 10 ml/hour. These animals were killed 1.2-2 hr after the start of the infusion and samples of blood, urine, and kidney were taken.
There were 10 rats in group III, in whom we measured 'Br and inorganic 'SO. in the whole carcass. Five of these rats (group IIIA) were given 'Br and SSO4 intraperitoneally, and at 1/2-2 hr urine was aspirated, blood with-1 NaiSO4, 426 mc/mmole, was obtained from New England Nuclear Corp., Boston 10 .0 g/liter sodium acetate (NaC2H3023H2O), and 25 ml/liter glacial acetic acid. This reagent has a pH of 4.1. Some of the kidney samples, as well as the dog liver and jejunal samples, were deproteinized with ammonium succinate buffer as above.
We estimated 'Br in a gamma scintillation counter equipped with a well. Deproteinized serum or undeproteinized supernatants of tissue extracts were counted. At least 10,000 sample counts were accumulated, and appropriate corrections made for background and physical decay. When more than three half-lives had elapsed from the date of assay, we checked the radiochemical purity of the 82Br by determining the concordance of the observed and expected decay. Completeness of the extraction of 82Br from the carcass powder was verified by comparing the counts on the dry tissue with those in the homogenate supernatant. A recovery of 101% +2% (SD, n=6) was found. Extraction of 82Br was complete at 20 min. Excluding one experiment in which some of the carcass was known to have been lost, and the two nephrectomized rats who had vomited and defecated, 91% ±3%
(SD, n=6) of the administered 82Br could be accounted for.
The remaining 9% undoubtedly represents loss during the pulverizing, freeze-drying, and milling processes.
Inorganic radiosulfate was isolated as the benzidine (4 :4'-diaminodiphenyl) salt: 1 volume of deproteinized serum, tissue extract, diluted urine, or injected solution was mixed with 5 volumes of benzidine dihydrochloride, 2 g/100 ml in 607o (v/v) acetone in a centrifuge tube. This reagent was prepared freshly by dissolving benzidine dihydrochloride in 20 volumes of hot water, and carefully adding 30 volumes of acetone. Benzidine sulfate was precipitated overnight at 40, and isolated by centrifugation for 15 min, decanting the supernatant, and allowing the tubes to drain inverted for 10 min. The precipitates were dried in a stream of air to remove traces of acetone (which caused marked quenching) and were transferred by solution, with washings, in a total volume of 5 ml of 12% (v/v) monoethanolamine in methanol. 10 ml of scintillation fluid (2,5-diphenyloxazole, 4 g/liter; 1,4-p-bis[2-(5-phenyloxazolyl)] benzene, 0.2 g/ liter in toluene) was added, and the vials were mixed and counted on a liquid scintillation counter. At least 10,000 sample counts were obtained, and corrections for background made. All samples were at least 10 times background. Contamination by 82Br trapped in the benzidine sulfate precipitate was checked by observing the constancy of counts; on the rare occasions when a significant decline was observed, a correction was made. A correction for mU trapped in the precipitate was made by counting at two channels, and never exceeded 10% of the 6S counts. We added internal 5S standard to all vials, and made an appropriate correction if a significant difference in efficiency between samples was observed.
The efficiency of counting of 5S in this system was about 80%. All the IS counts added to a 5 mm Na2SO4 solution were recovered in the benzidine sulfate precipitate. The coefficient of variation of replicate precipitates from Na2'SO4 standard solution was 0.57% (n=12). Variations in the amount of carrier sulfate between 0.4 and 9.5 mm did not affect the recovery of 'SO4. Recovery of 'SO4 added to rat serum was 95% ±2% (SD, n=6) and from dog serum 96% ±1%o (SD, n=8) using the succinate method of deproteinization. With the TCA deproteinization we found the mean recovery of 'SO4 to be 98% +3%o (SD, n=30) from rat serum and 98%±o 3%o (SD, n=11) from dog serum. No correction has been made for the slight loss of radiosulfate during the succinate method of deproteinization. Recoveries of 3S04 from the carcass suspension were identical with either neutral or alkaline extraction and averaged 98% +3%o (SD, n=8 The results of rats in groups IIA and IIB and of the dogs are presented in Table I . Ewsso4 exceeds Essnr in the liver, small bowel, kidney, and knee of the rat, and in the liver (but not the small bowel) of the dog. Esmso is less than E;2Br in the stomach, large bowel, spleen, tail, and skin of the rat. Further study of these differences was made in liver, small bowel, kidney, and knee.
Liver. Radiosulfate rapidly penetrates beyond the radiobromide space of the rat liver to reach a value at 1-2 hr which is approximately 50% greater (Table I) . Over the next 24 hr, no further increase occurs. In the rat, this excess sulfate cannot be attributed to contamination of the sample by bile, for hepatic bile has a higher concentration of 'Br than MSO4 relative to serum (Ta- ' Br in the gastric contents results in a low value of Ewso4/EsasB in the stomach wall, and no deductions about the intracellular 'Br concentration can be made. Conversely, the discrimination of the small bowel contents in favor of "SO4 results in a radiosulfate space that exceeds the radiobromide space in the small intestinal wall in the rat. As shown in Fig.  2 , there is a relationship between E'so4/Ee'Br in the small bowel and the luminal discrimination between the two ions which suggests that the true value for EwsoV Es2B, in the absence of contamination would be close to unity. In dog 2 we found Ewsao4 of the small bowel to be less than EBssr. The reason for this apparent species difference may be that the dogs were fasting whereas the rats were not.
Kidney. The urinary clearance of radiosulfate exceeds that of radiobromide, and therefore it was not unexpected to find that renal Ea'so4 exceeded EuB.; we attributed this to the contained tubular fluid. A roughly linear relationship between Ewso4/E-B, (y) and the ratio of the renal clearance of "SO4 to 'Br (x) was found described by y = 1.2 + 0.01 x. In order to elucidate the distribution of inorganic "SO, in the kidney, we compared the renal radiosulfate space to the inulin space, Ei., under conditions of mannitol and sulfate diu-resis in rats (group IIC, Table II ). Mannitol loading diminishes the tubular fluid/serum ratio of inulin and sulfate, and therefore minimizes the contribution of trapped tubular fluid to the measured spaces. Sulfate loading, by saturating the reabsorptive mechanism for inorganic sulfate, causes the sulfate clearance to approach that of inulin and therefore tends to equalize the contribution of trapped tubular fluid to the two spaces. Fig. 3 shows that even when the sulfate clearance approaches the inulin clearance, renal EWsso4 is less than Ei.. These data suggest that, under these conditions, the concentration of inorganic 'SO4 in the renal cell is negligible.
Knee. Ewso4 exceeds ES2Br in the knee, and the absolute value of the spaces, as well as the ratio Ewso4/E82Br was not significantly altered by sulfate loading (Table   I ). This result, like that in liver, does not exclude the possibility of intracellular uptake or metabolic alteration, but is more suggestive of passive binding of sulfate.
Radiosulfate and radiobromide spaces of the rat carcass In Table III are summarized the results of analyses of 10 rats. Nephrectomy was performed before isotope injection in three, of whom one was loaded with carrier sulfate. The first line shows the amounts of each isotope found in the contents of the gastrointestinal tract. In the seven normal animals, an average of 5.4% of the injected radiosulfate and 7.3% of the radiobromide was recovered. The difference is not statistically significant, but in six of the seven rats, the '8Br content exceeded the 'SO4 content, as it also did in the three nephrectomized rats. In view of the analyses of the contents of different portions of the gut shown in Table I , we infer that the contribution of gastric juice with its low sulfate content outweighs the contribution of small and large bowel contents. In the nine rats not given carrier sulfate, the fraction of injected "Br found in the gut increases significantly with time (P = 0.01), but that of 'SO4 does not.
The bladder contained very little radiobromide but considerable quantities of radiosulfate, as anticipated from the greater clearance of sulfate. Some increase with time is apparent for both isotopes. The line designated "external loss" includes urine and feces passed in the cage, vomitus, saliva, and some blood. These were negligible except in the two nephrectomized rats and one other.
The lower half of These results, when compared with the data in Fig. 1 . emphasize the difference between the fate of these two isotopes. Because of the method used to correct for carcass losses during processing, the bromide carcass space, including gastrointestinal contents, is equal to the apparent volume of distribution. The bromide volume of distribution shows no increase with time; in contrast, the sulfate volume of distribution significantly overestimates the true inorganic sulfate space, owing to metabolic conversion of sulfate to organic forms. The portion of the dose of the isotope not recovered in inorganic form, as shown in Table III , is already about 18% at 1 hr, and increases subsequently. This result supports the suggestion (8) that a pool of organic sulfate exists in the rat into which injected radiosulfate enters rapidly.
In the one sulfate-loaded rat, the fraction of injected isotope metabolized was considerably lower as expected, but the ratio of spaces was the same (0.92). In this animal the ratio of the apparent volume of distribution of sulfate to that of bromide was 0.96, compared with expected ratio of 1.32 at this interval in non-sulfate-loaded animals (Fig. 1) . This difference is fully explained by the smaller fraction metabolized. The unchanged ratio of carcass spaces supports the inference that all of the sulfate measured in these carcasses has achieved its distribution by passive processes, not subject to saturation at higher sulfate concentration.
In the four rats in which the viscera and the eviscerated carcasses were analyzed separately, the ratio of radiosulfate space to radiobromide space in the eviscerated carcasses was much more constant. In a fifth rat (not shown in the Table) , in whom only the eviscerated carcass was analyzed two hr after the injection of isotopes, a ratio of 0.79 was obtained. On the other hand, the possibility that inorganic radiosulfate has been overestimated cannot be excluded. There are two ways in which this might have occurred. Organic sulfates could be decomposed during the analytical procedures or could be measured along with inorganic sulfate. The analytical procedures were designed specifically to reduce these dangers. Thus, those tissues and carcasses which were dried by lyophilization were frozen within seconds and were not exposed to temperatures approaching zero until dry; furthermore, the protein precipitants were only weakly acid (pH > 4). Nevertheless labile organic sulfates, containing 'S, may have broken down. Furthermore, some mucopolysaccharide sulfates may be precipitated by benzidine (10) , and these too may have contained 'S. The former pos-, sibility may explain the strikingly high results in liver, and the latter the less prominently high values in cartilage, exemplified by the knee. It may be noted in passing that barium as a precipitant for inorganic sulfate also lacks specificity: mucopolysaccharides may be coprecipitated under certain conditions (11) . Evidently, only chromatographic or electrophoretic separation can provide a clear isolation of inorganic sulfate (12) .
Analytical difficulties clearly do not account for the high ratio of sulfate to bromide space in kidney and gut of the rats. In these tissues, the transcellular fluids represent precursor solutions, similar in ionic composition to interstitial fluid, from which salt and water have been reabsorbed to a variable extent. As a result of the low permeability of these epithelial membranes to sulfate compared with the halides, radiosulfate becomes progressively concentrated relative to radiobromide. A relationship between the extent of this concentrating process in both tissues and the observed ratio of radiosulfate to radiobromide spaces was demonstrated. The opposite type of discrimination is seen in the stomach (Table I) . Here sulfate concentration is lower than in intestinal fluid, owing to the fact that it does not participate in the anion-transporting mechanism which leads to the elaboration of the acid gastric secretion, as shown in Table I .
Bromide also achieved a constant volume of distribution in all of the tissues examined, including muscle (9 (6) , erythrocytes (15) , and several other tissues (16) (17) (18) , but not in brain (16) (17) (18) . Gastrointestinal juices equilibrate almost completely in one day (15) . Bromide space in whole animals closely approximates chloride space (19) (20) (21) (22) amounts of 'S when placed in solutions containing radio-that transport into the cells persists in these incubated sulfate. The characteristics of sulfate accumulation by tissues but that efflux from the cells is impaired. slices are similar to those of the sulfate-transporting Liver consistently exhibited the highest ratio of sulmechanism in the intact kidney. Thus it is conceivable fate to bromide space in both species. The possibility that (36) . The "maximal" extracellular space of muscle, skin, and stomach wall, shown in Table IV , has been estimated from the radiosulfate space. If appreciable inorganic radiosulfate penetrates the cells of these organs, the intracellular bromide would be larger. In Table V , the maximal extracellular space of liver and cartilage has been estimated from the bromide space. The quantity of cartilage in the body is conjectural, but the amount of nonextracellular sulfate therein is small.
In both tables, the extracellular space of the kidney (excluding tubular fluid) has been taken as 30%, in accordance with the findings of Girtner (31) . The maximal extracellular space of the small intestine was calculated from the data in Table I on the assumption that both bromide and sulfate spaces of the gut wall comprise two moieties: a true extracellular space, equal in volume for both '3SO4 and 'Br, and trapped luminal fluid, in which the ratio of sulfate space to bromide space is the same as in the luminal contents, namely, 3.7. This leads to an estimate of 12% of wet weight for the true extracellular space of this tissue.
The results of these calculations, which clearly must be viewed as approximations, show that neither ion is confined to the extracellular space. At least 23% of body chloride and at least 17% of body sulfate is nonextracellular. Our figure for nonextracellular chloride is considerably higher than that of Cheek and associates (36) , namely, 12.7%. The difference is attributable to the fact that these authors give intracellular chloride in muscle as zero, and chloride in gut contents as only 2.4% of the total. Sweet, Nadell, and Edelman (15) found 16% of body chloride in the gut in rabbits, but only 1.9% in human subjects examined postmortem. Evidently this value may vary considerably, both between and within species.
A maximum estimate of the "true" extracellular space in the rat can be calculated as the product of the fraction of bromide or sulfate that is extracellular (from Tables IV and V) and the total carcass bromide or sulfate space including gastrointestinal contents (from Table III (37) can no longer be attributed to "nonfunctional" portions of the extracellular space, in the sense that longer equilibration would lead to further penetration of the labeled ions. The chloride beyond the limits of the sulfate space appears to be intracellular (or transcellular), in amounts which vary widely from one tissue to another and which are often too large to account for by passive distribution of chloride across the membranes of cells other than the erythrocytes. It does not follow, however, that the nonextracellular chloride is unresponsive to change in plasma chloride; in fact, the available evidence suggests the opposite conclusion (38) . The appropriate measure of extracellular space in the whole organism can thus be settled only by establishing physiological correlations with any proposed technique. The "true" extracellular space is closer to sulfate space than bromide space, though smaller than either, but the "functional" volume may be different. In the presence of circulatory impairment or edema, the virtual constancy of bromide distribution after equilibration has been achieved is a considerable advantage.
Various techniques for analyzing plasma and urinary concentration curves for radiosulfate have been suggested and interpreted in terms of a limited number of pools or compartments (39) . Our observations indicate that the complexity of distribution of sulfate precludes the use of any simple mathematical model.
